In-situ observation of magnetic pulse welding process using a one-turn coil was performed by using a high-speed video camera. Highspeed deformation and collision behavior of the metal plates were investigated. The flyer plate traveled toward the parent plate with a high speed by the generated electromagnetic force. A collision velocity of the flyer plate to the parent plate was 250 m/s at the representative welding condition (initial gap distance between two plates: 1.0 mm, discharge energy: 2.5 kJ). It was clearly observed that a part of the flyer plate which was located along the coil bulged toward the parent plate. The collision angle between metal plate surfaces was 0 at the initial collision point, but it increased continuously during the welding. Such a characteristic high-speed oblique collision is considered to result in formation of the wavy interface and gradual changes in its wavelength and amplitude along the welding interface.
Introduction
The magnetic pulse welding is a kind of impact welding represented by explosive welding. The impact energy is induced by electromagnetic force which is generated by interaction among discharge pulse current running through the coil, induced magnetic flux around the coil, and eddy current produced at the plate surface. The welding is normally achieved within 10 ms with a negligible temperature increase. This welding process can be applied to material combinations widely differing in physical and mechanical properties such as melting point, heat conductivity, and hardness. Sound metallurgical bonding can be obtained in a wide variety of similar and dissimilar metals and alloys without any external application of heat or the use of any intermediate metals.
The present authors have shown that strong lap joints of Al/Al, Cu/Cu, Al/Cu, Al/Ni, and Al/steel were produced by the magnetic pulse welding method. [1] [2] [3] A part of the flyer plate along the longitudinal direction of the coil bulged toward a parent plate and hit the plate with a high speed. Welding was achieved in two parallel areas along the coil, and no welding took place in the area between them ( Fig. 1  3) ). The welding interface exhibited a characteristic wavy form. Both wavelength and amplitude of the interfacial wave were gradually changed outward, i.e., with increase of distance from the central position of the bulged region ( Fig. 2 3) ). The wavy interface was also observed in the lap joint fabricated by other impact welding methods such as explosive welding, [4] [5] [6] [7] [8] water jet spot welding, 9, 10) and gas-gun welding. 11) Similar gradual changes in wavelength and amplitude of the interfacial wave were observed in the explosive welding between a flat flyer plate and a semi-cylindrical parent plate. 12, 13) It was reported that wavelength increased with increasing collision angle. In contrast, it was found that the amplitude increased up to a certain collision angle and subsequently decreased. Such morphological change of the interfacial wave is similar to those in the magnetic pulse welded interface. It was also reported that bonding strength and interfacial morphology of the explosive welded joint are controlled by a collision velocity of the flyer plate and a collision angle between the two plates. [14] [15] [16] The present authors reported that the traveling velocity of the flyer plate in the magnetic pulse welding could be estimated from the collision time which was electrically measured and the initial gap distance between the plates.
3) However, this is an average traveling velocity of the flyer plate and not an actual collision velocity at the moment when the flyer plate hits the parent plate.
In order to understand the mechanism of the magnetic pulse welding, it is critical to observe collision behavior directly and know the collision velocity of the flyer plate and the collision angle between the plates. To achieve this task, in-situ observation of the magnetic pulse welding process is necessary. However, the magnetic pulse welding process is completed within several microseconds, and so ordinary photographic methods are useless. In order to overcome this problem, in the present study, a high-speed video camera was used for recording the magnetic pulse welding process. Based on the recorded images, high-speed deformation behavior of the flyer plate and collision behavior between two plates were investigated.
Experimental Procedures

Materials
In the magnetic pulse welding, the flyer plate is driven toward the parent plate by an electromagnetic force. Therefore, metals with high electrical conductivity such as Al and Cu are preferable for the flyer plate. In the present study, pure aluminum (99.50 mass%, hereafter Al) plates (100 mm Â 100 mm Â 1:0 mm) were used for the flyer plate and the parent plate.
Magnetic pulse welding
Figure 3(a) shows a schematic diagram of a discharge circuit. The circuit consists of a capacitor for a supply of electrical energy, a discharge gap switch, and a one-turn flat coil (Cu-Cr alloy). The two plates are placed above the coil, with a little gap between them. The plate adjacent to the coil is called ''flyer plate''. The other plate is called ''parent plate'', which is fixed firmly to the fixture. At first, the capacitor is charged. The electrical energy stored in the capacitor is called ''discharge energy'', and the welding conditions are mainly controlled by this parameter. A discharge pulse is released to the coil, at the moment that the discharge gap switch is closed. Figure 3 (b) shows a close-up of the plates located over the coil. When the discharge pulse passes through the coil, high density magnetic flux lines are generated around the coil. The generated magnetic flux lines intersect with the flyer plate, and eddy currents are excited in the surface of the flyer plate adjacent to the coil by Lentz's law. The eddy currents and the magnetic flux induce an electromagnetic force upward by Fleming's left-hand rule. The electromagnetic force drives the flyer plate toward the parent plate with a high speed and the flyer plate is welded to the parent plate.
A pair of plates was set over the coil to produce an Al/Al lap joint as shown in Fig. 3 . The initial gap distance between them was fixed to be 3 mm, which was larger than that of the experimental condition in the previous works. [1] [2] [3] The larger gap distance is of help to detect high-speed deformation and collision behavior clearly. The discharge energy was 2.5 kJ.
2.3
In-situ observation of the magnetic pulse welding process using a high-speed video camera The magnetic pulse welding is achieved within several microseconds. In order to detect deformation behavior of the flyer plate, a high-speed video camera capable of taking frames at 1 ms intervals was used. The maximum recording speed of this charge-coupled devise (CCD) camera is 1 million frames/s. The camera is also able to record 102 frames after receiving a trigger signal. A short arc power flash was used for illumination. It takes about 60 ms for the flash to reach the maximum brightness after receiving a trigger signal, and after that, the brightness remains constant for about 100 ms. Trigger signals should be sent to the camera, flash, and circuit under optimum condition in order to obtain a clear image. A delay pulse generator was designed to control the trigger signal output. The first trigger signal was sent to the flash for lighting. This is because 60 ms is required at least for the flash to reach the maximum brightness as mentioned above. After 80 ms from the first trigger signal, the second trigger signal was sent to the camera to start recording. After 25 ms from the second trigger signal, the third trigger signal was sent to the circuit to start discharging.
The observation was performed from two directions as shown in Fig. 4 . One direction was perpendicular to the longitudinal axis of coil ( Fig. 4(a) ). In this case, the flash was set on the opposite side of the camera position. Therefore, when the flyer plate approached the parent plate, it blocked the light from the flash source. We could measure the traveling velocity of the flyer plate using these images. The other direction was parallel to the longitudinal axis of coil ( Fig. 4(b) ). The detectable images from this direction provided the information of deformation of the flyer plate and collision between the two plates. Figure 5 shows a series of detected images during the magnetic pulse welding process at the discharge energy of 2.5 kJ. These images were taken from the perpendicular direction to the longitudinal axis of coil, as indicated in Fig. 4 (a). Original positions of the parent plate, the flyer plate, and the coil are shown in Fig. 5 (a). Figure 5 (a) shows the appearance of the flyer plate and parent plate at the moment that the discharge currents started passing through the coil. For the initial 3 ms, we could not detect any change. After 4 ms from the onset of discharge, the band of light passing through the gap was getting narrow a little, as shown in Fig. 5(b) . This indicates that a part of the flyer plate along the coil began to bulge toward the parent plate. The bulging front of the flyer plate moved upward about 0.6 mm from the original position. As shown in Figs. 5(c) to (h), with the passing of time, the band of light was getting narrow. This means that the bulging front of the flyer plate is approaching gradually toward the parent plate. The band of light almost disappeared after 10 ms from the onset of discharge, as shown in Fig. 5(h) . This indicates that the collision between two plates took place. Consequently, it took 10 ms so that the part of the flyer plate hit the parent plate placed 3 mm apart. Figure 6 (a) shows a relationship between the elapsed time from the onset of discharge and the traveling distance of the bulging front of the flyer plate from the original position. We can obtain the traveling velocity of the bulging front as a function of the traveling distance from Fig. 6(a) . Figure 6(b) shows the relationship between the traveling distance and the traveling velocity. The traveling velocity increased in a parabolic fashion with respect to the traveling distance.
Results
Change in traveling velocity of the flyer plate
Deformation behavior of the flyer plate and collision
behavior between the flyer plate and the parent plate Figure 7 shows representative images taken from the parallel direction to the longitudinal axis of coil, as indicated in Fig. 4(b) . The upper is a side edge view of the parent plate and the lower is that of the flyer plate. Their thicknesses are indicated with broken lines in the figure. The cross sectional view of the coil is also illustrated in the figure. Figure 7(a) shows the appearance of the two plates at the moment that discharge currents started passing through the coil. No motion was detected at this moment, as well as the image from the other direction as shown in Fig. 5(a) . Figure 7(b) is the image at 10 ms after the onset of discharging. This is the elapsed time when the band of light was shielded as shown in Fig. 5(h) . This means that the bulging front of the flyer plate collided with the parent plate at this instant. The central part of the flyer plate, which is located over the coil, collided with the parent plate. It should be mentioned that the collision occurred at the inner part of the overlapped plates along the longitudinal direction of the coil, which is perpendicular to the present picture. No collision occurred at the plate edge. This is due to the mutual directional relationship among the magnetic flax lines, eddy currents, and induced electromagnetic force. The direction of eddy currents is perpendicular to the magnetic flux lines crossing the flyer plate, as shown in Fig. 8 . Therefore, the electromagnetic force is generated perpendicular to them, i.e., the direction toward the parent plate. At the plate edge, however, the direction of eddy currents is parallel to the magnetic flux lines, and so, electromagnetic force is not generated. Consequently, the edge of the flyer plate remains undeformed. Therefore, we can observe the collision behavior of the plates by this side view. about 10 mm. This indicates that the generated electromagnetic force deforms the selected area of the flyer plate located along the coil radially outward. The front line (along the coil direction) of the radially deformed flyer plate hit the parent plate, as indicated by a single arrow in the figure.
The initial collision point line was located at the central position line of the coil. The collision angle to the flat parent plate at this moment was considered to be 0 theoretically. Figures 7(c) and (d) are images after 1 ms and 2 ms from the initial collision, respectively. The collision point lines expanded to both sides, as indicated by single arrows. We should mention that the bulged width of the flyer plate was almost constant from Fig. 7(b) to (d) . This means that the collision angle between the flyer plate and the parent plate increased continuously during the welding as will be discussed later. Consequently, a series of images obtained by a high-speed video camera revealed the collision behavior, which took place within a few microseconds.
Another important finding is the emission of bright flashing lights from the collision point, as shown in Figs. 7(b) to (d). These are indicated by double arrows in the figures. These flashing lights may indicate the emission of metal jets, which is considered to occur at a high-speed oblique collision between metal plates. 17) Bergmann, 18) Onzawa, 19) and Turgutlu 20) observed the emission of the metal jet during the explosive welding using a flash X-ray photograph and a framing camera. The image of the emitting products in the present study are resemble to those reported in their works. Mousavi 21, 22) and Tanaka 23) succeeded in simulating the metal jet generation during the explosive welding process using several numerical models.
It has been considered that any dust, scale, and oxide films on the plate surfaces can be removed by metal jet generated at collision point and the resultant cleaned and refreshed surfaces can be easily welded. 24, 25) It has also been considered that the wavy interface is attributed to the metal jet formation by Bahrani. 12) The wavy interface observed in the present lap joint supports the idea.
Discussion
Collision velocity of the flyer plate
In the present study, in-situ observation of the magnetic pulse welding process was performed by using a high-speed video camera. A series of images revealed that the selected area of the flyer plate located along the coil bulged toward the parent plate and hit it with a high speed. It was found that the traveling velocity of the flyer plate was accelerated as increasing the traveling distance, as shown in Fig. 6(b) . This indicates that the flyer plate was kept being accelerated by the electromagnetic force while the flyer plate traveled toward the parent plate. From Fig. 6(b) , we can estimate that the collision velocity is 250 m/s for the traveling location of 1.0 mm from the original position. The present authors did the magnetic pulse welding of the Al/Al lap joint under the conditions that the initial gap distance of 1.0 mm. 1, 3) The collision velocity was examined for the discharge energy ranging from 0.5 to 4.0 kJ. 3) In order to obtain the collision velocity, the duration time, t, from the onset of discharging to the collision of the plates was measured by using electrical signals. The collision velocity was calculated by l=t, where l is the initial gap distance between two plates. The estimated collision velocity was 130 m/s for the discharge energy of 2.5 kJ.
3) This collision velocity is about half of the value obtained from Fig. 6(b) . This is because the estimated velocity using electrical signals is not the time-dependent (location-dependent) velocity but the average velocity from t ¼ 0 to the time of collision.
Since there are no comparable reports on the in-situ observation of magnetic pulse welding process, we would like to just introduce several related works in the past. The average traveling velocity of the flyer plate (Al, 1 mm thickness) was measured using the electrical signals by Okagawa and Aizawa. 26, 27) Their tests were performed for various initial gap distances from 0.2 to 2.0 mm and discharge energies from 0.7 to 1.1 kJ. It was shown that the collision velocity increased gradually with increasing gap distance up to about 1 mm, but, it decreased for the gap distance over 1 mm. However, in the present study, the traveling velocity of the flyer plate kept increasing as increasing of the traveling distance. The following things should be taken into account to understand discrepancy among several experimental results mentioned above. (1) The collision velocity of the flyer plate corresponds to the local deformation rate of the bulging front of the flyer plate.
(2) The electromagnetic force, which is induced by the mutual reaction among discharging current, magnetic flux, and eddy currents, continues to drive the flyer plate until the discharge current disappears. The driving force causing the flyer plate deformation is mainly controlled by the discharge energy. (3) The deformation behavior and deformation rate of the flyer plate depend on thickness and mechanical properties (deformation resistance) of the flyer plate. Therefore, the collision velocity of the flyer plate to the parent plate is considered to be determined by the relative balance among discharge energy, gap distance, and thickness and mechanical properties of the flyer plate. When the discharge energy is low, the generated electromagnetic force causing the flyer plate deformation is small. The deformation resistance of the flyer plate increases with increasing gap distance, since the flyer plate hardens due to work hardening. If the driving force is not enough to overcome the deformation resistance of the flyer plate, the traveling velocity of the flyer plate is considered to decrease. This should be the case for the work by Okagawa. 26, 27) In contrast to that, the discharge energy used in the present study (2.5 kJ) is considered to be sufficiently high to overcome the increase in deformation resistance.
4.2 Effect of collision angle between the plate surfaces in the magnetic pulse welding As shown in Fig. 1 , in the magnetic pulse welding, joining is achieved in parallel seam welded areas and no welding takes place in the area between them.
3) Characteristic wavy morphology is exhibited at the welding interface, [1] [2] [3] and wavelength and amplitude of the wave are not uniform, but gradually change through the interface, as shown in Fig. 2. 3)
Let us consider why no welding takes place at the middle section and why wavy morphology gradually changes through the welding interface. Bahrani and Onzawa examined the influence of the collision angle on the explosive welded interface morphology using so-called ''semi-cylinder method'', in which a flat flyer plate and a semi-cylindrical parent plate were welded. 12, 13) It was demonstrated that welding did not occur where the collision angle was around 0 , but welding with wavy interface was achieved in some fixed range of collision angle. The wavelength increased with increasing collision angle, while the amplitude increased until the collision angle reached a certain angle, but decreased thereafter. 12, 13) For the explosive welding, success or failure of the welding was characterized by the diagram known as ''welding window''. [14] [15] [16] This is the diagram consisting of the axis of the collision velocity of the flyer plate and the axis of collision angle of the plates, in which the weldable conditions are indicated. According to the welding window, welding is achieved in a certain medium range of collision angle, and no welding takes place at both low angle around 0 and high angle. Under the fixed collision velocity condition, a shift from non-weldable condition to weldable condition takes place with increasing collision angle.
In the present study, in-situ observation revealed that the selected area of the flyer plate located along the coil bulged toward the parent plate, as shown in Fig. 7(b) . The bulged width of the flyer plate was almost constant from Fig. 7(b) to (d). The collision process between the plates in the magnetic pulse welding can be illustrated schematically, as shown in Fig. 9 . The advancing front of the bulged region of the flyer plate hits the parent plate at first (Fig. 9(b) ). At this stage, the collision angle between the plate surfaces is 0 theoretically. As progressing in deformation of the flyer plate, the collision points (these are a pair of lines actually) move along plate surface to the horizontal direction. The bulged width of the flyer plate is constant, since the outside regions of the flyer plate remain un-deformed. Therefore, as moving the collision points from center to outside, the collision angle increases continuously (Figs. 9(b) and (d) ). Consequently, the oblique collision between the bulged flyer plate and the parent plate becomes dominant. This is where the strong welding is achieved and the wavy interface appears. It is considered that gradual changes in wavelength and amplitude of the interfacial wave is due to the gradual change in oblique collision angle. This is identical to the collision between the semi-cylindrical flyer plate and flat parent plate.
Conclusions
The deformation behavior of the flyer plate and the collision behavior between the plates during the magnetic pulse welding process were directly observed by using a high-speed video camera. The obtained results are summarized as follows.
(1) The traveling velocity of the flyer plate was accelerated with increasing the traveling distance. The collision velocity of the flyer plate was estimated to 250 m/s under the gap distance of 1.0 mm and the discharge energy of 2.5 kJ. (2) A selected area of the flyer plate located along the coil bulged toward the parent plate by an electromagnetic force. The advancing front of the bulged flyer plate, which was located at central position of the coil, initially collided with the parent plate at the collision angle of 0 . This is considered to result in the formation of the un-welded area between the parallel seam welded areas. Collision angle between the flyer plate and the parent plate gradually increased during the welding. Such a characteristic oblique collision behavior between the flyer plate and the parent plate is considered to result in formation of the wavy interface with gradual changes in wavelength and amplitude. 
